Introduction
The humid tropics presently occupy about 25 percent of the Earth's land surface, and the warm temperatures, moist conditions, and luxuriant vegetation promote especially rapid biological and chemical processes-photosynthesis, respiration, decay, and chemical weathering-making the region particularly important at a global scale from the perspective of weathering, erosion, and carbon cycling. Tropical forests alone cover only 12 to 13 percent of the Earth's land surface, but they contain 45 to 52 percent of terrestrial biomass carbon and 11 to 17 percent of soil carbon, and they account for 23 to 35 percent of net primary productivity (Prentice and others, 2001 ). This productivity equates to between 780 and 1,250 metric tons per square kilometer per year of carbon (t km −2 yr −1 C). Other widespread humid-tropical land cover includes grasslands, wetlands, and various types of agricultural lands. According to Meybeck (1979) , rivers in the humid tropics supply about 65 percent of the dissolved silica and 38 percent of the ionic load delivered by rivers to the ocean. Data compiled by Milliman and Meade (1983) and Milliman and Syvitski (1992) indicate that the humid tropics contribute about 50 percent of the total solid load delivered by rivers to the ocean. These and related studies demonstrate that about 30 percent of the solid load comes from steep, undammed, coastal rivers that drain active orogenic belts and island arcs in the tropics (Lyons and others, 2002) . These rivers are an especially strong source of particulate organic carbon (POC) in the ocean (Ver and others, 1999; Lyons and others, 2002; Syvitski and others, 2005; Galy and others; Hilton and others, 2008a,b) .
When examined at both human and geologic time scales, today's world is in a state of exceptionally rapid change caused by human activities (Science Magazine, 2011) . For the last several thousand years, we humans have been modifying the Earth's landscape with fire and tools for food and agriculture, and for the past few hundred years, we humans have remodeled the Earth's surface and altered biogeochemical cycles with a technology fueled by geologic and biospheric energy sources, a time period commonly referred to as the Anthropocene. Associated with this remodeling is a vast mobilization and redistribution of soils, sediments, and rock at a scale comparable to that of natural erosion (Hooke, 1994 (Hooke, , 2000 . Rivers and materials transported by rivers have been profoundly affected by human activities related to hydraulic engineering, water consumption, waste introduction, and landcover modification (Meybeck, 2003) .
Human impacts motivate one of the great developing themes of contemporary biogeochemistry, that of describing the anthropogenically modified carbon cycle and understanding how it relates to changes in atmospheric and seawater composition, land use, and land cover. The ongoing accumulation of carbon dioxide in the atmosphere, derived from fossil-fuel burning, deforestation, and land clearing, is now a major concern, because of potentially severe consequences on climate (Schneider, 2009 ). Examination of natural and technological mechanisms that limit CO 2 accumulation in the atmosphere through sequestration has become a global research focus. This theme is now a major thrust of the current U.S. Geological Survey Strategic Plan (U.S. Geological Survey, 2007) . For reference, current characterizations of the global carbon budget (Denman and others, 2007) estimate that the combined emissions from fossil fuels and cement release 7.2±0.3 petagrams of carbon per year (pg C yr −1 ). Of this total, 4.1±0.1 pg C yr −1 accumulate in the atmosphere; 2.2±0.5 pg C yr −1 enter the ocean, and 0.9±0.6 pg C yr −1 are stored on land. The large error in the terrestrial carbon sink reflects the relative difficulty in accounting for all carbon on land.
Studies of terrestrial CO 2 sequestration normally take place at a landscape scale, because the size of the technological perturbation of the carbon cycle is so large that any substantial sequestration must be either quite strong or quite widely distributed. For a suite of processes to be prominent in the technologically perturbed carbon cycle, it must affect about 1 pg C yr −1 globally. Distributed over the Earth's land surface (149•10 6 km 2 ), this amount corresponds with about 6.7 t km −2 yr −1 C. Forest regrowth and densification of woody vegetation are clearly important at this scale (Pacala and others, 2001 ; summaries in Denman and others, 2007) . The land area of humid tropical mountains is not large, about 4•10 6 km 2 (United Nations Environment Programme World Conservation Monitoring Centre, 2002) . If a process capable of sequestering 1 pg C yr −1 were to be confined to just humid tropical mountains, it would need to sequester 250 t km −2 yr −1 C; this mass is about one third to one fifth of tropical forest net primary productivity. Weathering and erosion have a smaller effect on the carbon cycle than do plant growth and decay. The combined fluvial transport to the ocean of dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), and POC is less than 1 pg C yr −1 (Sarmiento and Sundquist, 1992) . It is difficult to envision changes caused by human activities that could alter current dissolved-carbon fluxes on the order of 1 pg C yr −1 . Particulate carbon fluxes to the ocean have increased somewhat because of human activities despite the interception of considerable masses of sediment behind artificial reservoirs (Syvitski and other, 2005) , and vast quantities of POC are stored on land as soils, colluvium, alluvium, and lacustrine deposits. Stallard (1998) estimated that globally averaged upland physical erosion caused by human activities has increased twofold to sixfold as compared with preagricultural rates and has increased erosion by 10 to 50 pg yr −1 sediment; most of this eroded sediment is stored in terrestrial sediments rather than being transported to the ocean. This deposition results in long-term storage of carbon in terrestrial sediments on the order of 0.6 to 1.5 pg C yr . Stallard (1998) asserted that much of this carbon is being replaced through the creation of new POC at the sites of erosion, and that carbon stores in depositional sites may also be augmented with additional POC from autochthonous production in surface waters and wetlands. Considerable work has gone into estimating the POC fluxes in the landscape and testing whether the deposited carbon is stable and whether the deposited carbon is being replaced by newly produced POC (Berhe and others, 2007; others, 2007, 2008; Harden and others, 2008; Lal and Pimentel, 2008; Quinton and others, 2010) . The most recent estimate of the amount of carbon being removed from the atmosphere by erosion, deposition, and replacement is about 0.5 pg C yr −1 ; increased erosion produces about 35 pg yr −1 sediment (Quinton and others, 2010) . This estimate does not include the contribution of carbon to fluvial and lacustrine sediments by autochthonous production.
The U.S. Geological Survey's Water Energy and Biogeochemical Budgets (WEBB) program research in eastern Puerto Rico, described herein, provided a unique opportunity to examine major biogeochemical processes in headwater river systems in humid tropical mountains, to examine their role in the carbon cycle, and to judge whether climate change or human activities have pushed these systems out of equilibrium. Up to now, research into the biogeochemical functioning of headwater river systems in such settings has been limited despite their obvious importance in erosion and biogeochemical processes. The fieldwork is quite challenging. To assess the importance of interannual variations, years of monitoring are required, and huge storms, which are extremely difficult and can be dangerous to sample, have a dominant role in transport processes.
Research Setting
The U.S. Geological Survey initiated the WEBB program in 1991. The WEBB site in eastern Puerto Rico (Larsen and others, 1993) , one of five sites, was chosen because it is in a montane humid-tropical environment having a bedrock geology that is representative of many parts of the world. Puerto Rico is part of the volcanically inactive Greater Antilles island arc ( fig. 1 ) that has been moderately to deeply eroded in a humid tropical climate. The qualities of geology, climate, land cover, and land use make Puerto Rico similar to vast swaths of the humid tropics, including the remainder of the Greater Antillean island arc, much of Central America, many island arcs extending from the southwest Pacific to the eastern Indian Ocean such as the Indonesian Archipelago, and considerable portions of the Southeast Asian mainland. These landscapes are agriculturally productive and support large human populations (Bot and others, 2000; Webb, 2006; Foley and others, 2011) .
Puerto Rico has undergone a rapid transformation in the past several centuries from pre-European conditions of relatively undisturbed forest, to intensive agriculture in the 19th and early 20th century, to a post-1950 industrial economy. In the past 60 years land cover has shifted from almost entirely deforested to forest covering about half of the island (Brandeis, 2007; Kennaway and Helmer, 2007) . For further background, see Murphy and others (2012) .
The Puerto Rico WEBB work involves a double pair-wise comparison of montane streams on granitic bedrock compared with fine-grained volcaniclastic bedrock and of forested compared with agricultural landscapes ( Murphy and others, 2012 , their table 1). Unlike some island-arc regions, Puerto Rico has not had active volcanoes for tens of millions of years. Its soils lack abundant allophane, which is commonly derived from tephras in younger volcanic landscapes. Allophane stabilizes soil organic matter and is associated with especially productive agricultural soils (Parfit, 2009) . The selection of the two types of geology was predicated on the idea that the abundance of coarse-grained quartz in the granitic rocks would result in soils with sufficiently different properties from soils on the quartzpoor volcanic rocks that the differences would be manifested in the erosional styles, water flow paths, and solute-load chemical composition. The soils of the volcanic watersheds are, for instance, richer in secondary clay minerals and in base cations. For each bedrock type, one watershed is covered with mature rainforest (drained by Río Icacos and Río Mameyes), and the other watershed is affected by land use typical of eastern Puerto Rico (drained by Río Cayaguás and Río Canóvanas). Two watersheds are located on coarse-grained granitic rocks (Icacos and Cayaguás), and two are located on fine-grained volcanic rocks and volcaniclastic sedimentary rocks derived from closely allied magmas (Mameyes and Canóvanas). Data from the Quebrada Guabá, a tributary of the Icacos which was monitored for 10 years (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) , is included in many calculations and tables as a surrogate for the Icacos (the Guabá streamgaging station failed in April 2003 during a large storm (appendix 1 of this report; ).
The double pair-wise comparison of physical and chemical weathering processes has been a major objective of the Puerto Rico WEBB program since its inception (Larsen and others, 1993) . To this end, the program depended upon the collection of time-series of meteorologic, hydrologic, soil-water, and groundwater samples and data. Long-term monitoring of biogeochemical budgets of the four major watersheds included water, major dissolved constituents, nutrients, carbon, and sediment. Weathering and mass-wasting processes were to be examined in each rock type and land cover by comparing budgets calculated for each. Sampling major hydrologic events was especially important. A benefit of working in Puerto Rico is that at a given altitude and rainfall, similar natural vegetation exists on all types of bedrock (see Murphy and others, 2012) , presumably because as an island, Puerto Rico lacks high floral diversity (Ashton and others, 2004) . A confounding factor in this comparison, however, is that both agricultural watersheds are substantially drier than the forested watersheds (runoff of 900-1,600 millimeters per year (mm yr −1 ) as compared with 2,800-3,700 mm yr −1
). An initial snapshot of a four-way comparison, covering 1991 to 1995, was published by Larsen and Stallard (2000) . Four-way sediment budgets have been examined by Larsen (1997 Larsen ( , 2012 . Detailed descriptions of the regional geography (Murphy and others, 2012) , atmospheric inputs (Stallard, 2012) , the study watersheds and intercomparisons of their hydrology , physical erosion (Larsen, 2012) , and water quality are found elsewhere in this volume.
Purpose and Scope
The present chapter focuses on a four-way comparison of the rates of chemical and physical erosion as related to carbon transport and in turn to rates of runoff. Simple models are used to project annual constituent-yield data for each river basin to a single intermediate runoff, thereby circumventing the confounding factor of having different mean-annual runoff between forested and developed pairs. The same models are also used to consider the consequences of climate change on chemical and physical weathering and on fluvial carbon transport. Six questions are asked: 5. What are the rates of export of carbon in its various forms; how do these rates relate to runoff, and is this exported carbon being replaced by new photosynthetically fixed carbon?
6. Are rates of carbon processing through the landscape notable on the time scales of human-induced climate change?
The models used in this paper with minor modifications, as noted, were developed in parallel with the WEBB datacollection program. Stallard (1995a,b) introduced the concept of dissolved and solid bedrock and how major-element compositional information can be rigorously used to characterize steady-state erosion. others (1995, 1998) expanded on the concept of steady state and perturbed landscapes as determined by measurements of cosmogenic 10 Be in bedrock, soils, and sediments. Stallard (1998) developed tools that link physical erosion that has been greatly accelerated by human activities to the anthropologically modified carbon cycle. Carbon dioxide is removed from the atmosphere through accelerated soil loss and subsequent deposition and burial of the eroded soil and associated particulate organic carbon. The buried soil carbon is replaced by new soil carbon at the site of erosion, thereby creating a net carbon-dioxide sink. Stallard (1999) and Stallard and Kinner (2005) formulated models to include landslide-producing events in characterizations of annual sediment yields.
Weathering, Erosion, and the Carbon Cycle
Soils, river-borne solutes, and sediments are all derived from weathering processes that produce both dissolved and solid products. Most parent material must weather before becoming soil or being transported by flowing water. During chemical weathering, some minerals react congruently to produce only dissolved weathering products. Common minerals that always weather congruently are halite, anhydrite, gypsum, aragonite, calcite, dolomite, and quartz. Halite, anhydrite, and gypsum are so unstable that they almost never occur in the solid load of rivers. Calcite and dolomite sometimes occur in alkaline rivers that are supersaturated with respect to these minerals; for example, rivers within the Yukon River system in Alaska (Striegl and others, 2007) . Quartz (crystalline SiO 2 ) is the most persistent of all common primary minerals and is typically abundant in river sediments. Most silicate and sulfide minerals weather incongruently to produce both dissolved cations (Na + , K + , Mg 2+ , Ca 2+ ), silica (Si(OH) 4 ), sulfate (SO 4 2− ) and sometimes minor constituents along with solid products that are depleted in cations and usually in silica. Minerals that contain aluminum and iron typically weather incongruently to produce clays and aluminum/iron sesquioxides (oxides and hydroxides of Al 3+ and Fe 3+ ). Magnesium, potassium and, to a lesser extent, calcium and sodium are retained in cation-rich clays such as the smectites, vermiculites, illites, and chlorites (Stallard, 1985 (Stallard, , 1988 Edmond, 1983, 1987; Stallard and others, 1991; Stallard, 1995a) .
To this point, most studies of weathering associated with the WEBB program in eastern Puerto Rico have focused on the Río Icacos watershed, because of its homogenous granitic bedrock. As White and Blum (1995) state, "the pristine Icacos watershed in the Luquillo Mountains in eastern Puerto Rico has the fastest documented weathering rate of silicate rocks on the Earth's surface." The earliest biogeochemical work in the Icacos watershed was associated with the Luquillo Long-Term Ecological Research program (McDowell and others, 1992; McDowell and Asbury, 1994; McDowell, 1998; Bhatt and McDowell, 2007) . Brown and others (1995) examined denudation rates using cosmogenic 10 Be in exposed bedrock, soils, and fluvial quartz and concluded that denudation rates calculated from 10 Be match those determined from solid and solute loads. Various aspects of chemical weathering have been examined by White and Blum (1995) , Dong and others (1998) , Murphy and others (1998) , White and others (1998, 1999a,b) , Schulz and White (1999) , White (2002) , Turner and others (2003) , Buss and others (2004 Buss and others ( , 2005 Buss and others ( , 2008 , Derry and others (2006) ; Fletcher and others (2006) , Pett-Ridge and others (2008 ), Pett-Ridge (2009 , and Buss and White (2012) . Water quality of the measured river-borne constituents is discussed in chapter E of this report 
Solute Loads and Chemical Erosion in Eastern Puerto Rico
Virtually all dissolved constituents in surface waters either arrive in rainfall or are acquired as water falls through vegetation and moves through soil and bedrock. Soils on the quartz-rich granitic rocks tend to be considerably thicker than soils on the volcanic and volcaniclastic rocks (see Murphy and others, 2012) . Infiltration in all soils tends to be slow, and water infiltration to depths below 0.5 meters (m) takes many hours to several days, although rates are about three times as fast in soils on the granitic rocks as in soils on volcaniclastic rocks (Simon and others, 1990) . At the lowest rainfall rates, water in all soils flows vertically into deeper soils, through deeper riparian zones, and then as hyporheic discharge. Water moving through these deep-soil environments typically flows past some unweathered primary minerals and relatively little organic matter. Studies of weathering in the granitic Icacos watershed demonstrate the importance of deep-flowing water in the weathering process (Turner and others, 2003; Buss and others, 2004 Buss and others, , 2005 Buss and others, , 2008 Fletcher and others, 2006; Buss and White, 2012) . Silicon and strontium isotopes confirm that deep-flowing water, emerging as base flow, interacts with primary minerals (Ziegler and others, 2005; Derry and others, 2006; Pett-Ridge and others, 2009) . Shallow flow paths increase in relative importance with increasing rates of runoff (Derry and others, 2006; Stallard and Murphy, 2012) . Similar patterns are recorded in volcaniclastic rocks (Larsen and others, 1999; Schellekens and others, 2004) . At intermediate runoff rates, water also moves through shallow-soil pathways, and riparian zones are typically saturated. Shallow flow paths commonly have abundant organic matter and plant roots, but little unweathered primary minerals except for quartz. Finally, at the highest runoff rates, overland flow can become increasingly important, reducing the overall interactions of water with plant roots and deeper soil while also entraining higher particulate loads (Larsen and others, 1999; Schellekens and others, 2004; Larsen, 2012; Stallard and Murphy, 2012) .
The relation between runoff and concentration of the various measured constituents is discussed in Stallard and Murphy (2012) . Briefly, constituents that are not particularly bioactive and are derived from bedrock weathering or precipitation decrease in concentration with increasing runoff, reflecting the decreasing relative importance of flow paths that pass deep into the soil. Water that enters deeper soil generally passes through shallow-soil roots and is subject to more transpiration. Such constituents include sodium (Na + ), magnesium (Mg 2+ ), calcium (Ca 2+ ), silica (Si(OH) 4 ), alkalinity, and (Cl − ). Strongly bioactive constituents commonly display steady or increasing concentration with increasing runoff rates. These constituents include dissolved organic carbon (DOC), potassium (K + ), nitrate (NO 3 − ), ammonium ion (NH 4 + ), and phosphate (PO 4 3− ). The concentrations of many of the bioactive constituents eventually decrease at runoff rates greater than 3 to 10 millimeters per hour (mm h −1 ), presumably reflecting an increased dilution by rain and lessconcentrated overland flow; DOC consistently increases and then decreases with increasing runoff rates. Note, however, that water interactions with vegetation (throughfall and stemflow) affect stream composition even in intense storms (Heartsill-Scalley and others, 2007) . Sulfate (SO 4 2− ) behaves like a bedrock-derived constituent in the Canóvanas, Cayaguás, and Mameyes rivers but like a bioactive constituent in the Icacos and Guabá .
Solid Loads and Physical Erosion in Eastern Puerto Rico
The most stable primary minerals are usually physically eroded before they have a chance to chemically decompose. Minerals that decompose contribute to the dissolved load in rivers, and their solid chemical-weathering products contribute to the secondary minerals in the solid load. The secondary minerals and the more stable primary minerals are the most important constituents of clastic sedimentary rocks. If physical erosion processes are weak, most of the erosion products are dissolved, and stable primary minerals and secondary minerals accumulate on top of bedrock to form soil (Stallard, 1985 (Stallard, , 1988 .
Landslides are a dominant component of physical erosion in steeper landscapes of eastern Puerto Rico (see Larsen, 2012) , and the volume moved by landslides exceeds the volume moved by surficial erosion through mechanisms such as direct impaction by raindrops on soil, sheet wash, rill formation, and gullying. On the basis of 60 years of aerial photography, shallow landslides appear to affect approximately 1 percent of the forested eastern Puerto Rican landscape per century (Guariguata, 1990; Larsen and Torres-Sánchez, 1998 ). This rate is equivalent to a recurrence interval of about 10,000 years for landslides at a given site. Landslides erode remarkable quantities of solids in an exceedingly short time, typically in association with extreme rainfall events. Landslides in the Luquillo Mountains occupy a continuum from simple slumps to slides and debris flows, and most are entirely composed of soil produced by chemical weathering of bedrock.
Human activities greatly exacerbate landsliding. Aerial photographs demonstrate that landslides are much more common on deforested lands in eastern Puerto Rico (Larsen and Torres-Sánchez, 1998; Larsen and Santiago-Román, 2001 ). Of particular note is the agriculturally developed basin of the Río Cayaguás, on granodiorite. Here the thick soils that had developed under forest conditions were consumed by massive, regional, shallow-soil landsliding related to land clearing that lowered the landscape on average about 660 millimeters (mm) since 1820 (Larsen and SantiagoRomán, 2001 ). This study of aerial photographs suggests that optimal factors promoting landslides are moderate to steep (>12°) slopes, sufficient rainfall, typically greater than some threshold, and nonnatural land cover, notably construction sites and roads. Road building alone increases rates of landslides sixfold to eightfold in an 85-m swath bordering the roads (Larsen and Parks, 1997) .
Typical prerequisites for landslides are steep slopes and bedrock that is structurally unstable (relatively noncohesive, sheared, or fractured) or, in the case of stable bedrock, the formation of unstable soils through chemical or physical weathering. Landslides typically come in clusters that are triggered by events such as large amounts of precipitation, typically exceeding some regional slide-inducing threshold (Starkel, 1972; Caine, 1980; Scatena and Larsen, 1991; Larsen and Simon, 1993; Montgomery and Dietrich, 1994; Crosta, 1998; Reid, 1998; Molnia and Hallam, 1999; Montgomery and others, 2000; Larsen and others, 2001) or earthquakes (Simonett, 1967; Garwood and others, 1979; Keefer, 1984) .
Work in the Puerto Rico WEBB program (Larsen, 2012) has focused on the landslide process and emphasizes the importance of shallow-soil landslides in physical erosion. Tropical disturbances and northern-hemisphere, wintertime cold fronts trigger most of the landslides in the Puerto Rico WEBB watersheds (Scatena and Larsen, 1991; Larsen and Simon, 1993; Larsen and Torres-Sánchez, 1998 ). Larsen and Simon (1993) derived an empirical landslide threshold relation, relating rainfall, P (in millimeters), to storm duration and to T (in hours) that must be exceeded for landslides to happen:
(1)
The essence of this relation is that if more than the requisite rain falls in specified time, and if the terrain is sufficiently steep (>12° slope), then there may be landslides. This relation was field tested in Puerto Rico after Hurricane Hugo in 1989 and found to be valid (Larsen and Torres-Sánchez, 1992) . For storms with a duration of 24, 48, and 72 hours, the threshold rainfall is 162, 184, and 197 mm respectively, or roughly 200 mm. Stallard (1999) and Stallard and Kinner (2005) note that in the Panama Canal watershed (where runoff variation among rivers was similar to that of the Puerto Rico WEBB rivers), the transition to landslide-driven erosion is in the range of 800 mm to 1,000 mm mean-annual runoff, but that this transition might be lower in basins subjected to intense storms such as hurricanes. Accordingly, attempts to predict solid yields for wetter and drier conditions need to explicitly account for the presence or absence of landslide-producing storms at higher runoff regimes.
Without chemical weathering, there would be few landslides. Shallow-soil landslides typically occur near the interface between hard and soft saprolite, commonly on zones of weakness formed on former exfoliation surfaces that had become conduits for soil water (Simon and others, 1990) . The thickness of the soil that slides is about 1 to 4 m (Simon and others, 1990; Larsen and Torres-Sánchez, 1992; Larsen and Simon, 1993; Larsen, 1997 Larsen, , 2012 Larsen and SantiagoRomán, 2001 ). Landslide erosion can enrich the solute load in cations that are largely leached out of hard saprolite (Na + and Ca
2+
) compared with those that partially leach (K + and Mg
) (Stallard, 1985 (Stallard, , 1988 . In the Icacos watershed, which is underlain by granitic rocks, an analysis of in-place-produced cosmogenic 10 Be in quartz as a function of grain size shows that the fine material in the river is largely derived from surficial erosion, whereas the coarse material is derived from deep erosion, presumably landslides (Brown and others, 1995) . Sediment-discharge calculations indicate that about half of the river-borne quartz is derived from deep erosion.
Vegetation regrowth and succession following a landslide are quite rapid-perhaps 100 to 200 years (Guariguata, 1990; Walker and others, 1996) , starting with the bare slip face. Soon after, a characteristic sequence of vegetation grows on the slide (lichens and moss, then ferns and grass, then second-growth trees, and finally mature forest), anchoring the soil. Similarly, soil development and restoration of soils to preslide nutrient conditions is on the same time scale (Zarin, 1993; Zarin and Johnson, 1995a,b) . Conditions in Puerto Rico appear to be especially favorable to the rapid regrowth of vegetation; in the nearby Blue Mountains of Jamaica, plant succession appears to be much slower (Dalling and Tanner, 1995) .
In addition to delivering sediment directly to rivers during storms, landslides are strong secondary sources of sediments. First, landslides normally deliver far more debris to a valley than rivers can remove in a single flood. This debris is then eroded by subsequent storms. Second, the bare slip face itself becomes a source of sediment (Larsen, 1997 (Larsen, , 2012 .
Initially, sediment yield from the slip face was more than tenfold as great as yield from the adjacent forest, but after 4 to 5 years, sediment yields dropped to less than those of the forest.
Steady-State Erosion
Erosion under steady-state conditions, or dynamic equilibrium, is a useful frame of reference for studying a river system (Stallard, 1995a (Stallard, ,b, 1998 , especially in a landscape with such varied and intense physical erosion as eastern Puerto Rico. The core idea is that the geomorphic properties of the landscape are not changing substantially through time. Steady-state erosion also implies a chemical mass balance, such that the sum of the fluxes of all solid and dissolved weathering products leaving a landscape should equal the mass of bedrock being degraded by weathering. When rates of physical erosion are less than rates of the production of loose material by weathering, soils thicken. When the opposite holds true, there is net soil erosion. Human activities, mostly land clearing and agriculture, have substantially accelerated upland erosion as compared with presumed steady-state rates, causing greatly increased carbon burial in sediments (Stallard, 1998) . When chemical weathering reactions control the rate of production of erodible solid materials, rates of chemical weathering and the composition of weathering products can be used to calculate yields of dissolved constituents and thus predict equilibrium yields of solids (Stallard, 1995a,b) .
For the Icacos watershed, Brown and others (1995) compared rates of erosion estimated by using cosmogenic 10 Be to rates estimated by using chemical and sediment data for -1986 from McDowell and Asbury (1994 and from the earliest years of the Puerto Rico WEBB program. The data indicated that the Icacos landscape is near a dynamic equilibrium. Chemical mass balance calculations by White and others (1998) supported this assertion. In contrast, studies of 10 Be in the sediments transported by the Río Cayaguás indicate that erosion rates today are considerably greater than they were in the past (Brown and others, 1998) .
Carbon, Weathering, and Erosion
The largest export of carbon from watersheds is not fluvial; it is the conversion of carbon fixed into organic matter by net primary productivity back into atmospheric carbon dioxide by respiration and decay. Fluvial transport typically exports the next largest amount of carbon from a watershed (excluding agricultural and timber harvest), and this transport is tightly linked to weathering and erosion. Rivers export carbon from watersheds in four broad classes of material (Meybeck, 1993) : dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), and particulate organic carbon (POC) are important in the streams of Puerto Rico, whereas particulate inorganic carbon (PIC), which consists of calcium-magnesium carbonates, is not typically present in tropical rivers because tropical waters are typically strongly undersaturated with respect to these minerals (Stallard and Edmond, 1987; Stallard and others, 1991; Stallard, 1995a) . The fluvial export of carbon may be related to either inventory changes or new transfers from the atmosphere.
Carbon transport by rivers is tightly coupled with chemical and physical erosion processes. Dissolved inorganic carbon is derived from dissolved carbon dioxide that is converted to bicarbonate and carbonate ions through the chemical weathering of most silicate rocks and all carbonate rocks. In these weathering reactions, hydrogen ions are consumed and soluble cations (Na Garrels and Mackenzie, 1971) . The weathering of sulfide minerals, which generates mostly insoluble sesquioxides and sulfuric acid, has the reverse effect, converting bicarbonate and carbonate ions into dissolved carbon dioxide (Garrels and Lerman, 1984) .
The weathering of carbonate rocks is a source of nonatmospheric DIC (Garrels and Mackenzie, 1971; Garrels and Lerman, 1984; Meybeck, 1993) . Minor carbonates are present in the granitic and volcaniclastic rocks in the study watersheds (see Murphy and others, 2012) . Trace carbonate weathering in the granitic rocks in the Luquillo Mountains appears to be limited by the general advance of weathering fronts into the rocks (White and others, 1999b) . My own observations suggest that no geomorphic evidence indicates preferential weathering of extensive carbonate rocks in the Luquillo Mountains, such as one sees in karst limestone landscapes of north-central Puerto Rico.
Igneous rocks do not contain fossil carbon, a conspicuous research advantage in constructing carbon budgets in the Puerto Rico WEBB watersheds. Many rivers in island arcs and orogenic belts erode organic-rich shales, and in determining POC loads, it is important to distinguish between eroded fossil carbon (kerogen) and young (soil) carbon, because the reburial of fossil carbon does not affect atmospheric carbon budget (Leithold and Blair, 2001; Blair and others, 2003; Galy and others, 2007; Hilton and others, 2008a) . Carbon budget calculations for such rivers are further complicated by the oxidation of fossil carbon and pyrite during weathering, which effectively releases carbon dioxide to the atmosphere others 2000, 2001) . In the study WEBB watersheds, we can assume that all eroded carbon is geologically young.
The export of DIC from a watershed is operationally defined and is best compared with the export of alkalinity, which is commonly equated with the bicarbonate ion in streamwater. Alkalinity is strictly the amount of anion charge per unit volume that can be titrated with a strong acid to reach the first equilibrium endpoint for the carbon dioxide system (Stumm and Morgan, 1981) . Another name for alkalinity is acid-neutralization capacity. Alkalinity is a conservative property and is also equal to the total charge of nontitratable cations (which include ammonium ion at pH<9.3) minus the total charge of nontitratable anions (including NO 3 − ). Alkalinity is also independent of the pH and the carbon-dioxide vapor pressure (P CO 2 ) of the sample. If a strong base is required to titrate to the endpoint, then the alkalinity is negative and is sometimes is referred to as acidity. In this report DIC is treated as equal to alkalinity.
Dissolved organic carbon (DOC) is derived from carbon dioxide that has been "fixed" into soluble organic compounds though photosynthesis by plants and has been released as plant, fungal, or algal exudates or by the decay of biomass (Meybeck, 1993; Hedges and others, 2000; others, 2001, 2007; Striegl and others, 2007) .
Particulate organic carbon (POC) comes mostly from fragments of plant material in various stages of decay and from DOC that has become bound to surfaces of mineral grains (Hedges and others, 2000; others, 2001, 2007) . Grain-surface POC and fine-grained POC form a large component of total POC. Clay-size (<0.2 micrometer (µm)) mineral grains, including aggregated grains, have an especially large surface-area-to-volume ratio; they are most important in stabilizing organic carbon as POC. In headwater streams, such as those described here, organic carbon is largely allochthonous (soil and plant debris). In eastern Puerto Rico, surface soils in the agricultural watershed are 1 to 3 percent carbon, whereas soil carbon in the forested landscape is somewhat greater (Beinroth and others, 1992) . The estimated POC yields for many mountainous rivers having high runoff and smaller drainage areas greatly exceed the global-average POC yield of 2-3 t km −2 yr −1 C (Stallard, 1998) . Organic-carbon molecules range considerably in size, so the transition between DOC and POC is operational, based on the effective pore size of the filters that were used to process the sample. Most Puerto Rico WEBB samples were filtered through 0.2-µm membrane filters that rapidly clogged (appendix 2).
Landslides, Erosion, and Carbon
Landslides, including those induced by tropical disturbances, probably have a major role in the erosional export of young organic carbon to the ocean (Hilton and others, 2008a,b) . Landslide erosion has many parallels with accelerated agricultural erosion, which is a substantial component of the technologically modified carbon cycle, provided that carbon eroded from agricultural lands is buried and then replaced at the site of erosion with new photosynthetic carbon (Stallard, 1998) . Landslides are even more effective than agricultural erosion at removing the entire soil profile along with all of its organic carbon (Simon and others, 1990; Zarin, 1993; Zarin and Johnson, 1995a,b; Walker and others, 1996) . Zarin (1993) and Zarin and Johnson (1995a,b) have documented the regeneration of soils in chronosequences of slide scars in and around the Icacos watershed. A zero-order accumulation, firstorder-loss model of soil carbon for soils (Stallard, 1998, equation 5) can be applied to the soil organic carbon data of Zarin (1993) (fig. 2 ). It is assumed that little physical erosion occurs on the slide scar once it is stabilized by pioneer plants. It is also assumed that the age of old soils in this dataset is a large fraction of 10,000 years, the approximate landslide recurrence interval calculated for the Luquillo Mountains. The variability of the old-soil carbon values reflects the several types of forest that eventually develop following landslides (Guariguata, 1990 ). The initial model soil-carbon accumulation rate for landslide scars is about 80 t km −2 yr −1 C or 6,700 kilomoles moles per square kilometer per year (kmol km −2 yr −1 ) C, if one assumes minor initial carbon on the fresh scars. If the fresh slide faces are assumed to be carbon-free, initial rates are 150 t km −2 yr −1 C or 12,000 kmol km −2 yr −1 C. These fluxes represent upper limits on rates of POC generation for the eastern Puerto Rico landscape. This rate is 10 to 20 percent of net primary productivity for tropical forests, in general. The rapid regeneration of soil carbon, about half in 80 years, indicates that all POC removed from the watersheds by landslides and subsequent fluvial transport is rapidly being replaced by new carbon.
Methods Used to Assess the Effects of Weathering and Erosion in the Carbon Cycle
An analysis of weathering and erosion of bedrock and its relation to fluvial-carbon transport requires the introduction of several properties derived from the concentrations of measured constituents. For simplicity, these are referred to as "derived constituents." Two important derived constituents are dissolved bedrock and suspended bedrock, concepts that were introduced by Stallard (1995b) . Dissolved bedrock (DBrx) is derived using the concentrations of various solutes to determine the quantity of original bedrock that this represents, which is then expressed as a concentration. Similarly, suspended bedrock (SBrx) is the concentration of original bedrock represented by solids in suspension. To determine DBrx and SBrx, one models atmospheric contributions to the dissolved and solid load using mass balances and reconstructions of weathering reactions. These and other derived constituents can then be used to formulate erosion models and yield-estimation procedures that can be compared among the four watersheds.
Chemical Analyses of Dissolved and Solid Phases
During 1991 to 2005 in the five rivers of the Puerto Rico WEBB program, automated samplers collected data on 507 hydrologic events from 263 storms, including all major hurricanes ; appendix 1 of this report). A total of 4,894 samples were sufficiently analyzed to determine dissolved and solid denudation rates, and 860 of these were analyzed for a comprehensive suite of chemical constituents. Of samples analyzed for comprehensive chemistry and sediment, 543 were collected at runoff rates greater than 1 mm h −1 , 256 at rates exceeding 10 mm h −1 , and three that exceed 90 mm h −1 . Globally, few samples have been collected and analyzed for chemistry and suspended solids at runoff rates exceeding 1 mm h −1 (appendix 1). In terms of process studies, these data represents a new realm of waterquality data.
The analysis of dissolved constituents and sediment is discussed by Stallard and Murphy (2012) and in appendix 2 of this report.
Samples of soil, sediment, and bedrock, selected on the basis of freshness of exposure, were analyzed for chemical composition. Solid samples were ground using a chrome steel grinder such that they could pass through a 250 mesh (65 micrometer) stainless steel sieve. Samples were analyzed as a lithium-metaborate fused disk by X-ray fluorescence and reported as oxides (table 1) . Analyses included SiO 2 , Al 2 O 3 , CaO, MgO, Na 2 O, K 2 O, Fe 2 O 3 , MnO, TiO 2 , and P 2 O 5 , and loss on ignition (LOI) with a detection limit of 0.01 percent, and Ba, Nb, Rb, Sr, Y, and Zr with a detection limit of 10 parts per million (ppm). Cr 2 O 3 was analyzed to check for grinder contamination, which proved negligible. Ba and Nb were generally below detection and are not included in table 1. In addition, some samples were analyzed for ferrous iron (FeO in table 1), CO 2 , H 2 O + , and H 2 O − by wet chemistry and for sulfur and chloride by pressed-pellet X-ray fluorescence. Analyses were performed at XRAL Activations Services, Ann Arbor, Michigan. Landslide 43 of Guariguata and Larsen (1990) is located in the Icacos watershed, at the first large stream crossing on Route 191, west side.
3 Landslide 8 of Guariguata and Larsen (1990) is located on Route 988, about 1 kilometer west of the Mameyes gage site.
Estimation of Constituent Yields
The loads and yields (loads divided by watershed area) of most constituents, including derived constituents, were calculated using LOADEST (load estimator; Runkel and others, 2004) as described in Stallard and Murphy (2012) and in appendix 1. The process involved merging thousands of chemical measurements with nearly continuous discharge Table 3 . Average annual net, atmospheric, and bedrock inputs in 1991 to 2005 to study watersheds, eastern Puerto Rico.
[DOC, dissolved organic carbon; POC, particulate organic carbon; DBrx, dissolved bedrock; SBrx, suspended bedrock; mm yr 
where Z DOC is the negative charge per carbon atom in DOC.
For each river, Z DOC was calculated by adjusting predicted alkalinity to measured alkalinity such that the ratio of averages was 1:1. The range of estimated values was 0.5 equivalents of charge per mole (eq mol −1
) to 0.8 eq mol −1 (appendix 1). For reference, Tardy and others (2005) found an optimal Z DOC of 0.64 eq mol −1 for Amazonian lowland rivers.
Data Manipulation and Processing of Dissolved Constituents
One of the main motivations for introducing derived constituents is the need to subtract atmospherically derived contributions to the dissolved load, much of it seasalt, from bedrock-derived contributions. This subtraction is also termed a cyclic-salt correction Edmond, 1981, 1983 ). Once such a subtraction is accomplished, it is possible to calculate DBrx, which when combined with SBrx, can be used to accurately estimate erosion and determine whether erosion is in disequilibrium.
Correction for Atmospherically Derived Contributions to the Dissolved and Solid Load
A substantial portion of the dissolved load in rivers is derived from the atmosphere. Historically, estimates of denudation have not corrected for this component. One atmospheric source is precipitation; another is direct transfer from the atmosphere to plant and ground surfaces by impaction and dry deposition. Another pathway is "fixation" from the gas phase into a solid or soluble form by biological processes, mostly photosynthesis and nitrogen fixation. Finally, chemical weathering involves fixation of water and carbon dioxide from the atmosphere into dissolved ionic forms and into soil minerals as structural or bound water. In the eastern Puerto Rico watersheds, which are underlain almost entirely by igneous rocks, virtually all the inorganic and organic carbon is atmospherically derived. The same is true for all forms of nitrogen. Almost all river-borne Cl − has a seasalt origin, and almost all ions that are abundant in surface seawater make considerable atmospheric contributions to the dissolved load. Biogenic gases and pollution contribute SO 4 2− , NO 3 − , and NH 4 + . Desert dust contributes notable amounts of soluble calcium (see Stallard, 2012) .
Atmospheric sources also contribute to the solid load. All of the organic carbon and much of the water bound into clays in river-borne sediment has an atmospheric origin ( (Pett-Ridge, 2009; Stallard, 2012) .
In order to estimate bedrock contributions to the dissolved load, the major cations (Na 
, and Mg

2+
, the correction involves subtracting a seasalt contribution on the basis of the ratio of that ion to Cl − either in rain or in seasalt. If we use Na + as an example, the Na + :Cl − mole ratio for seasalt is 0.8525: Na* = Na 2+ − (Na
The "*" designates a calculated bedrock-derived constituent. The Mg 2+ :Cl − ratio in rain is 0.09689, less than the seasalt ratio of 0.10145 (Stallard, 2012) . The seasalt SO 4 2− :Cl − ratio is 0.052, and in some storms, especially high-chloride events, the rain and runoff are near this ratio fig. 10 ). However, additional sulfur comes from pollution and emissions of organic sulfur compounds (dimethyl sulfide and methyl sulfide) from the marine environment. To further complicate matters, the forest environment may also emit organic sulfur compounds back to the atmosphere (Stallard and Edmond, 1981; Stallard and Murphy, 2012) . The overall SO 4 2− :Cl − ratio is 0.10614 in rain, and this ratio was used in calculations. The K + :Cl − ratio in rain is 0.02306, whereas the seasalt ratio is 0.0179. Because throughfall is so rich in K + (Heartsill-Scalley and others, 2007), the greater rain ratio is seen as reflecting local, minor plant contamination, so the seasalt ratio was used. The Ca 2+ :Cl − ratio is 0.01876, and seasalt is a minor contributor to the calcium budget.
In individual samples, the atmospheric-correction calculation occasionally yields a negative value. This result may be due to real processes, such as cation exchange in soil that can alter cation proportions, or it may be due to true variations in the ratios to Cl − for individual storms, as happens with SO 4 2− . In constructing annual and long-term budgets, the atmospheric corrections incorporate calculated yields using the Cl − yield as the basis for the correction. The calculation was checked against LOADEST calculations of Na* and Ca*.
Constituent yields estimated using LOADEST were compared with atmospheric inputs (Stallard, 2012) (table 3) . Several constituents (Na 2+ receive a contribution of about 10 to 50 percent from the atmosphere. Calcium, silica, dissolved bedrock, and suspended bedrock receive minor atmospheric contributions, 0 to about 10 percent. Alkalinity has a small negative atmospheric contribution; in essence, acidity in rain is titrating the landscape. The atmospheric contribution for phosphate, which is quite large (Pett-Ridge, 2009), was not included in table 3; phosphate is biologically and chemically quite reactive, and without more information it would be hard to apportion atmospheric inputs to the dissolved or solid load. The concentration of dissolved silicate bedrock (DBrx) and two dissolved constituents, bedrock Na 2 O and silicon dioxide, Na 2 O, used in calculating DBrx and in estimating equilibrium physical denudation rates in eastern Puerto Rico. Bedrock Na 2 O is dissolved sodium ion, Na + , corrected for seasalt sodium, and then expressed as an oxide. SiO 2 is dissolved silica, Si(OH) 4 , expressed as an oxide. DBrx is the sum of all bedrockderived cations, expressed as oxides or sulfide, after correction for atmospheric inputs. The left panels represent the WEBB dataset. The right panels represent averages calculated from hourly estimates determined using LOADEST. For a number of samples, additional sample characteristics are indicated with black symbols. These categories are discussed in detail in Stallard and Murphy (2012) : calcite, samples supersaturated with respect to calcite; high chloride, samples with exceptionally high chloride concentrations collected during huge storms; high potassium, samples with high potassium but not high chloride; low silica, Icacos and Guabá samples with unusually low silica concentrations for the runoff rate. The points separated from the sample-average curves represent the averages of the classes of sample indicated by the superimposed character. These samples are not included in LOADEST models.
Sahara dust brings in additional Ca
2+ and insoluble clays (Stallard, 2012) . Because this Ca 2+ is also a minor part of the overall Ca 2+ budget, and because the dust fallout comes from variable long-range transport, a uniform dust correction (6.4 kmol km −2 Ca) was subtracted from the final Ca 2+ budget for each watershed. All silicon, aluminum, and iron in Sahara dust were assumed to reside in nonreactive clays and sesquioxides and therefore to be insoluble (Stallard, 2012; Stallard and Murphy, 2012) . Sahara dust deposition rates of 21 t km −2 yr −1 estimated by Pett-Ridge and others (2009) were subtracted equally from the solid bedrock yields for all study watersheds.
Total Dissolved Bedrock
Solute denudation rates were calculated using the approach of Stallard (1995a,b) that expresses the concentrations of most bedrock-derived constituents as dissolved oxides for mass-balance calculations. Silica and each cation, after correction for atmospheric inputs, were converted into a mass concentration of the corresponding bedrock oxide. For example, the calculation of dissolved sodium concentration expressed as an oxide (Na 2 O[d]) (table 2) from bedrockderived sodium, Na*, was performed as follows:
where mg L −1 is milligrams per liter, and µmol L −1 is micromoles per liter.
Dissolved SO 4
2− was converted into sulfide. The concentrations of the dissolved oxides and sulfide were summed to get total dissolved bedrock (DBrx) ( fig. 3; tables 2, 3 ), the amount of dissolved bedrock would be markedly underestimated.
In addition to calculating DBrx of samples with complete chemistry (about 870 samples), DBrx was also estimated in all samples for which conductivity, Cl − , and Si(OH) 4 were measured (about 3,780 samples). This calculation involved three steps. First, the bedrock contribution to conductivity was estimated by subtracting an atmospheric contribution, which was calculated by using a factor determined by estimating the conductivity of water having ions in the atmosphericcorrection ratios to Cl − just indicated, and by using the specific conductivities of each ion (appendix 1):
The relation between conductivity* and total bedrockderived cation charge, ZBrx, is estimated through a regression that used the 1,040 completely analyzed samples. A single set of regression coefficients worked for all Puerto Rico WEBB rivers:
where a (1.08612) and b (0.83239) were regression coefficients (coefficient of determination (r 2 ) = 0.96). Using ZBrx, an estimated total dissolved bedrock, DBrx′, was determined by
where c and d are regression coefficients determined for each river ( 
).
The correlation between DBrx′ and DBrx for all 1,040 samples is r 2 = 0.990; between log(DBrx′) and log(DBrx), r 2 = 0.986. About 4,650 samples were used in load calculations for both DBrx and DBrx′, providing a rigorous estimate of dissolved bedrock erosion (table 2) .
Equilibrium Model: Calculating Steady-State Erosion from Dissolved Bedrock
When chemical weathering reactions control the rate of production of solid materials, the yields of dissolved constituents can be used to predict equilibrium yields of solids (Stallard, 1995a,b) . The sodium-to-silica ratio of the dissolved and solid load compared with the ratio in bedrock (after correction for atmospheric inputs) is especially useful. The concentration of the three major components of carbon transport in tropical rivers in eastern Puerto Rico: dissolved inorganic carbon (DIC = alkalinity), dissolved organic carbon (DOC), and particulate organic carbon (POC). The left panels represent the WEBB dataset. The right panels represent averages calculated from hourly estimates determined using LOADEST. For a number of samples, additional sample characteristics are indicated with black symbols: calcite, samples supersaturated with respect to calcite; high chloride, samples with exceptionally high chloride concentrations collected during huge storms; high potassium, samples with high potassium but not high chloride; low silica, Icacos and Guabá samples with unusually low silica concentrations for the runoff rate. The points separated from the sample-average curves represent the averages of the classes of sample indicated by the superimposed character. These samples are not included in LOADEST models. Figure 5 . The concentration of an operationally derived constituent, suspended bedrock (SBrx) used in calculating physical denudation rates in eastern Puerto Rico. SBrx is the mass of the sample after heating to 550°C. For a number of samples, additional sample characteristics are indicated with black symbols: calcite, samples supersaturated with respect to calcite; high chloride, samples with exceptionally high chloride concentrations collected during huge storms; high potassium, samples with high potassium but not high chloride; low silica, Icacos and Guabá samples with unusually low silica concentrations for the runoff rate. The points separated from the sample-average curves represent the averages of the classes of sample indicated by the superimposed character. These samples are not included in LOADEST models. In headwater streams, such as those studied in eastern Puerto Rico, neither sodium nor silica are particularly bioactive; igneous and metamorphic rocks have a narrow range of sodium-to-silica ratios, and sodium weathers out of bedrock sufficiently early in the weathering process, such that the sodium-to-silica ratios of solid weathering products are quite low (table 1) throughout the soil profile and as river-borne sediments. Calcium shares most of these characteristics, except that the calcium-to-silica ratio ranges more widely in igneous and metamorphic rocks and is influenced by carbonate rocks (Stallard, 1995a) .
To calculate the proportions of dissolved and solid weathering products that are being produced, one needs to express the compositions of bedrock, river-borne solids, and bedrockderived solutes as weight-percent oxides. This goal is simple for the solid phases, because bulk analyses are normally reported this way (table 1) . For solutes, the concentration of dissolved bedrock oxides, calculated as described earlier (for example, equation 4), must be normalized to total 100 percent (table 4):
Following Stallard (1995a, equations 3 and 5 of that report), the leaching efficiency of bedrock, W, is the ratio of the yield of bedrock weathered into solution, Y DBrx , to the yield of total bedrock weathered, Y DBrx + Y SBrx :
The hypothetical yield of solid weathering products, Y′ SBrx , expressed in terms of the observed yield of dissolved weathering products, Y DBrx , is given by
Similarly, the efficiency of leaching of silica, W Si , is given by Table 4 . Parameters and coefficients used in modeling equilibrium erosion in study watersheds, eastern Puerto Rico, by using sodium-silicon and calcium-silicon pairs.
[ 
When the observed weathered bedrock yield equals the steady-state weathering yield, Y SBrx = Y′ SBrx , the denudation of the landscape is in equilibrium. If Y SBrx >Y′ SBrx , solid weathering products are accumulating on the landscape as soils, alluvium, and colluvium, and if Y SBrx <Y′ SBrx , physical erosion exceeds the generation of solids, and there must be net loss of soil or stored sediment.
Equations 13 and 14 have a number of terms that, in a given watershed, are constant for all calculations, such as the bedrock and solid-load compositions. These constants allow the equations to be simplified into a form that involves either measured or easily estimated parameters. For example, the concentrations of dissolved bedrock oxides (equation 9), expressed as percent, can also be calculated from solute yields. Using sodium as an example:
Accordingly,
where
and
Note that the denominators (the terms in parentheses) in equations 17 and 18 are the same; accordingly, A is more sensitive to errors in estimating SiO 2 [s], and B, which is quite a small term, is more sensitive to errors in Na 2 O[s]. In fact, so long as Na 2 O[s] is small, even with considerable error, this equation is quite robust. Moreover, in the equations for A and B, the numerator represents a concentration of river-borne solids and the difference terms in the denominator are multiplied by concentrations of river-borne solids. This combination of terms eliminates any need to correct for LOI, despite the assumption that LOI is atmospherically derived water and organic matter.
By using equation 16, LOADEST-based yield estimates were used to calculate equilibrium denudation rates and test whether erosion is in equilibrium and how equilibria may respond to changes in average long-term runoff; this method is referred to as the equilibrium model. Denudation rates were calculated using calcium, as a check, but because of the caveats regarding variability of bedrock CaO[s]:SiO 2 [s] ratios and the influence of possible calcite inputs, the sodium calculations are much preferred. sediments to the net sediment load is very small . At highest runoff rates, LOI values of sediment in rivers that drain granitic rocks are low because of the large contribution of quartz sand to these samples.
POC was not measured on most of the sediment samples; instead, LOI ( fig. 6 ) is used as a surrogate measurement. LOI is commonly equated with organic matter; however, the study samples are rich in kaolinite, halloysite, or iron and aluminum sesquioxides. Instead, it is assumed here that POC is a fixed fraction of LOI for all study samples. This fraction was determined such that the 15-year yield of SSol for the Río Icacos consisted of 1 percent carbon, a value that is typical of world rivers (Stallard, 1998) . The result is that LOI for the study rivers consists of 11 percent carbon. For reference, pure organic matter is about 50 percent carbon by mass (Stallard, 1998) . The water contribution to average LOI never exceeds the value of 14.0 percent of pure kaolinite (table 5). The average POC of forested rivers, at low runoff rates of less than 1 mm h
, is 2 to 3.5 percent SSol (table 2), similar to values reported elsewhere (McDowell and Asbury, 1994) . For estimates of LOI, POC, and organic matter, see table 5. Table 4 presents the concentrations of solids and solutes needed to calculate equilibrium yields, using either sodium or calcium, along with respective coefficients A and B. In addition to analyses of samples collected for this study (table 1),  table 4 is based on averaged data that includes published analyses of volcanic rocks from other sources. For the bedrock of the Mameyes and Canóvanas watersheds, analyses of volcanic rocks from Jolly and others (1998; samples DG-12, DG-14, DG-16; FG-17, FG-7, FG-9; INF-7, J-77, LOM-12) were averaged with the volcanic samples in table 1. For the Icacos and Guabá, data from the Río Blanco stock from Smith and others (1998, Río Blanco samples 6513, PRP-4, PRP-5, PRP-6, PRP-12, PRP-14, PRP-16, PRP-17) were averaged with quartz-diorite samples from table 1, excluding xenoliths and aplite. For the Cayaguás, data from Smith and others (1998; San Lorenzo samples PP-1, PRP-1, PRP-2, PRP-10, PRP-11; PRP-100, PRP-103, PRP-104, PRP-105; SL-1) were averaged.
Suspended Bedrock, Loss on Ignition, and Particulate Organic Carbon
River-borne solids are composed of material from three sources: primary and secondary mineral matter derived from the weathering of bedrock, water that has been incorporated into secondary minerals during weathering, and organic matter. For about two-thirds of the measurements of suspended sediment (see Stallard and Murphy, 2012 , and appendices 1, 2), we also measured loss on ignition (LOI), which involves measuring the mass loss upon heating to 550°C samples that have been dried at temperatures of 105°C. Studies summarized in Mackenzie (1957) and Mackenzie and Caillère (1979) show that in heating to 550°C, all of the clays and sesquioxides lose nonstructural water (most below 200°C). In addition, all sesquioxides, most kaolins, and substantial illites and vermiculites lose lattice water below 550°C; however, smectites, talcs, and chlorites do not. Nonmineral organic carbon and most mineral carbon (coal and graphite) are also oxidized in this range. Carbonate rocks are generally stable.
In this work, the mass of the sample after heating to 550°C was equated with SBrx ( fig. 5) . The sample dried to 105°C is referred to as suspended solids or suspended sediment (SSol). For samples in which suspended bedrock was not measured, regressions for each river related SBrx to SSol and LOI:
where a and b are regression coefficients. Values for a and b for each river are given in appendix 1. At lowest runoff rates, LOI is elevated in the forested rivers (Mameyes, Icacos, and Guabá; fig. 6 ). Given that LOI for kaolinite and halloysite is 14.0 percent, values greater than 14.0 percent likely reflect organic matter. At low runoff rates, the overall contribution of 
Projection to a Common Intermediate Yield
The principal confounding issue in the comparison of constituent yields of the various Puerto Rico WEBB watersheds is that among them, the long-term, mean-annual runoff differs markedly. The forested watersheds are considerably wetter (Mameyes-2,750 mm yr ). To compare sites, regressions between annual runoff and constituent yields were used to project annual yields to an annual intermediate runoff, 1,860 mm yr
, about halfway between the runoff for the Canóvanas and the Mameyes. This value is within the observed range of annual runoffs for the Mameyes and Cayaguás and represents an extrapolation for the Canóva-nas, Icacos, and Guabá. These relations were also used to establish whether these landscapes are in a state of dynamic equilibrium such that the yield of solid bedrock is the same as the rates at which solid weathering products are being generated (equation 16).
Annual constituent yields, including derived constituents, were calculated using LOADEST (appendix 1). Annual runoff varied considerably from year to year ( fig. 7) . The highs and lows were mirrored by constituent yields (figs. 7-9).
The relation between annual runoff and annual dissolvedconstituent yields was a simple linear relation for all dissolved constituents (figs. 10-12). Many rivers produce linear relations such as these (6 rivers, White and Blum, 1995; 57 rivers, Godsey and others, 2009) . The buffering or "chemostatic" behavior can be explained by many mechanisms, such as ion exchange, buffering with amorphous phases, large soil reservoirs of solutes, or weathering reactions that respond proportionally to the water flux passing through the soil. Godsey and others (2009) presented a "permeability-porosity-aperture model" that predicts that in a given watershed, the relation between log(concentration) and log(runoff) should be linear and with the same slope for all bedrock-derived constituents. The authors allow that differences for slopes among various constituents could be attributable to differences in the depth distribution of reactive minerals throughout soil profiles.
Suspended Bedrock and Runoff
Unlike solute erosion, for which a linear relation between annual runoff and annual solute yield agrees well with the data, physical erosion is decidedly nonlinear, and concentrations of solid constituents typically increase markedly with discharge. Two issues must be addressed with respect to solid loads. First is selecting the relation between runoff and solid yield for individual years. Landslides add complexity, because landslide-producing storms do not occur every year. The second is the problem of averaging the effects of variation in interannual runoff. Long-term averages reflect a mix of drier and wetter years. For linear processes the average solute yield of many years is the same as the solute yield of the average runoff for all the same years. For solid yields, years that have high runoff and abundant high-runoff storms heavily influence long-term averages, and computational procedures need to capture this increased weighting of wet-year contributions.
Solid Loads for Individual Years
Surficial erosion, the combined effects of direct impaction by raindrops on soil, sheet wash, rill formation, and gullying, is driven by flowing water and tends to increase exponentially with increasing discharge. Physical erosion is most simply described using power-law formulations relating annual suspended solids yield, Y SSol , to annual runoff, R:
where a and b are regression coefficients. For the eastern Puerto Rico rivers, the coefficients were estimated iteratively by means of nonlinear regressions as opposed to regressions on log-transformed data (table 6) . Landslides, which typically are caused by only the largest storms, distort this relation. Stallard (1999) and Stallard and Kinner (2005) developed an approach for quantifying annual sediment yields in landslide-dominated watersheds; this approach empirically distinguishes surficial and landslide erosion by using datasets for rivers in the Panama Canal watershed that had a decade or more of daily sediment data. The Puerto Rico WEBB dataset does not have such daily measurements, but because of the emphasis on storm sampling, the yield estimations done using LOADEST are a reasonable substitute. A key assumption of this approach is that annual sediment discharge from each watershed is considerably greater than interannual storage. The volcaniclastic watersheds do not store fine-grained sediments in their riverbeds, so the assumption is valid in these watersheds. For the granitic watersheds, flood plain storage can be extensive others, 1995, 1998; Larsen and Santiago-Román, 2001; Larsen, 2012) . My repeated visits to many sites along the channels of the Río Icacos and the Quebrada Guabá during this project revealed little change, suggesting little net storage or loss, and that Quebrada Guabá has no floodplain. The Río Cayaguás channel, however, changed considerably in appearance, but it would be difficult to assess storage or loss.
As discussed earlier, rainfall must exceed some threshold before landslides occur (equation 1). Rather than use rainfall, which requires interpolation and is especially ambiguous in the Canóvanas watershed (see , this analysis follows Stallard (1999) and Stallard and Kinner (2005) and uses daily runoff, R, calculated from the daily discharge (D).
A day is defined as a landslide day if 
where h is hour, F is an empirical coefficient between 0 and 1 that adjusts the threshold for three factors that reduce runoff relative to local rainfall, in essence stating R = F • precipitation for big storms. These three factors are evapotranspiration, infiltration, and rainfall patchiness, where in parts of a watershed rainfall will exceed the threshold but in other parts not do so. Stallard (1999) and Stallard and Kinner (2005) determined that F=0.85 for the Panama Canal watershed by using 10 to 16 years of daily sediment data on six rivers. Annual runoff compared with annual yields of important constituents in characterizing erosion and the carbon cycle in eastern Puerto Rico: silica, dissolved inorganic carbon, dissolved organic carbon, particulate organic carbon, dissolved bedrock and suspended bedrock. The vertical gray line corresponds with 1,860 millimeters per year, and the solid squares with black plus symbols correspond with the projected annual yields. The points are the observed annual yields. The lines in parts A−C and E are linear regressions based on the assumption that annual yield responds linearly with changing runoff. The lines in parts D and F were produced by power-law models, on the basis of equation 21, which plot as lines on graphs with log-log scales. Because these powerlaw curves are being used to predict trends for a changing climate, and because of the variability of climate, a convolution, equation 26, was used to smooth the power-law curves. Such convolutions have no effect on linear models.
For each river and each year of the dataset, the number of landslide days, as defined by equation 22, were totaled as landslide days per year, Ns(year); successive landslide days were assigned to a single day. The resulting combined surface erosion-landslide erosion model is
where a, b, and c are regression coefficients. This first term on the right is a traditional sediment transport model (equation 21). The second term is a statement that each landslide day dumps a certain quantity of sediment into the river. Ns(year) does not distinguish between small and large landslide-producing events, so in the present paper, the net runoff for landslide days is totaled to determine the landslideday runoff per year, Rs(year).
where a, b, and c are regression coefficients. The second term on the right side of equation 24 assumes that the amount of slide material dumped into rivers on landslide days is directly proportional to the runoff on those days. There are four adjustable parameters in this surfaceerosion-landslide-erosion model (equation 23). The landslide threshold adjustment parameter, F, is assumed to be the same for all of the watersheds. Because daily sediment data are not available for eastern Puerto Rico, a value of 0.85, as determined by Stallard (1999) and Stallard and Kinner (2005) , was used. The remaining coefficients were estimated iteratively by means of nonlinear regressions. The first terms, a and b, were estimated for each river using data for years lacking landslide days; then the second term, c, was estimated using only those years with landslide days (table 7) . When compared with the power-law model (equation 21) and on the basis of an F-test of model variance (Bevington and Robinson, 2003) , the models that used landslide runoff, Rs(year), generally were statistically more significant (tables 6, 7), except for the Mameyes watershed, where the landslide model and the power-law model were indistinguishable. From 1991 through 2005, we observed landslides in the Mameyes watershed associated with large storms. The similarity of the two models may imply that, currently, landslides make a relatively small contribution to the sediment load of the Mameyes.
To adapt the landslide model to a continuum of runoff it is necessary to predict landslide-producing runoff, R s (annual runoff), as a function of annual runoff, R annual . The form used here was the simplest possible, a linear relation. Only years having landslide days are considered. The relation is:
where a and a•R s0 are regression coefficients (table 8) . This equation defines an annual runoff threshold, R s0 = 0, below which landslides should not occur. This threshold is R s0 = 1,272 mm yr −1 for the Canóvanas, R s0 = 1,656 mm yr −1 for the Cayaguás, R s0 = 2,440 mm yr −1 for the Mameyes, R s0 = 2,857 mm yr −1 for the Icacos, and R s0 = 3,098 mm yr −1 for the Guabá. The increasing threshold with increasing runoff among the five watersheds appears reasonable, because differences in interannual runoff appear to be primarily driven by orographic precipitation and numerous small storms, which do not produce landslides, and not by the number or size of the biggest storms (see . 1 F-test gives the probability that this model is better than the power-law model (table 6) ; 50 percent implies that the models are indistinguishable. Calculating the Long-Term Average for Nonlinear Sediment-Yield Models
Because river-borne-solid yields are strongly nonlinear with respect to runoff, the effects of interannual variation must be assessed and adjusted in order to estimate average yields.
Only one river in eastern Puerto Rico, the Río Fajardo, has a sufficiently long record, 45 years, to characterize the range and nature of interannual variation (see . The annual discharge distribution is log normal with a standard deviation of 0.142 log units. For the purposes of data smoothing, this same log-normal distribution was assumed to apply to all the rivers, and to speed calculation, the effects of interannual variations were handled computationally as a convolution (see appendix 1). The Fajardo runoff data were ranked by increasing annual runoff and separated into seven roughly equivalent bins of 7, 6, 6, 7, 6, 6, and 7 years, successively. The average of log(runoff) for all the years of data was subtracted from each log(runoff), and the resultant values of log(runoff) minus average(log(runoff) were, in turn, averaged for each bin (table 9). A 7-point, B-spline convolution (Jupp, 1976 , that report's table 6, m=4, k=2) was used such that the values of the model function were averaged using the B-spline coefficients for the runoff under consideration and three equally spaced log(runoff) values before and after (table 9) 
where c 1 ...c 7 are logarithmic convolution factors and w 1 ...w 7 are weighting factors (table 9) . The log(runoff) interval, 0.069, was adjusted so that the seven convolution points best matched the Río Fajardo bin averages (table 9) . Presumably, SBrxc(r) captures the effect of interannual variation.
The relation between annual runoff and particulate constituents is best portrayed using log-log graphs ( fig. 12 , POC and SBrx). Power-law (equation 21) and landslide (equations 21, 24, 25) models, after convolution (equation 26), are represented separately ( fig. 13) . Note that the landslide models display a distinct hump in the Canóvanas and Icacos. These are the rivers for which the landslide model best represents the annual sediment-yield data when compared to power-law representations (tables 6, 7).
Interpretation of Projections to a Common Yield
It is assumed that constituents with yields that become more alike when projected to a common intermediate runoff are not strongly controlled by either geology or land cover. Atmospheric inputs, such as chloride, fall into this category because the source is external to the watersheds. Accordingly, to characterize the significance of projecting mean-annual yields to a common intermediate runoff (table 10) 
The more compact the data range, the smaller this ratio. This range ratio for the averaged observed annual-mean yields was compared with the ratio of the projected yields for a common intermediate mean-annual runoff. Range reduction or no change was assumed to indicate that differences in geology or land cover did not strongly influence yields. Five rivers were too few to develop strong statistical comparisons; however, range is a reasonable surrogate for standard deviation and confidence intervals (Dean and Dixon, 1951) . Accordingly, extreme examples of range reduction or extension are probably meaningful.
Overlap was characterized by using a simple ranking in which the maximum yields for a class of geology or land cover are compared to the minimum yields of the alternative class: forest compared to developed and granitic compared to volcanic (table 11) . Increasing degrees of overlap were interpreted as reinforcing the effects of range reduction, and loss of overlap or major overlap reversals was interpreted as reinforcing the effects of range extension. , brings several features to the fore (figs. 10-13, table 11). A characteristic of the linear relations for dissolved constituents (figs. 10-12) is that all have positive slopes and most have positive intercepts. In contrast to Si(OH) 4 in the study rivers, the linear relations between Si(OH) 4 and runoff presented by White and Blum (1995) all had negative intercepts. Annual solute yields must go to zero if annual runoff goes to zero (which would mean a profound desert), so these linear relations with nonzero intercepts must eventually reorganize as annual runoff approaches zero. For developed rivers, for which mean-annual runoff was below the projected runoff, all yields increased for all constituents following projection; the reverse was true for the forested rivers. For some constituents such as Si(OH) 4 , however, the projected yields formed a more compact group than did the averaged observed mean-annual yields; for other constituents, such as POC, the projected yields became more widely dispersed.
The ranges for Na + , Si(OH) 4 , Cl − , and dissolved bedrock became more compact upon projection to a common intermediate runoff (figs. 10, 12; table 11). This observation also applied to Na* ( fig. 10) , which is not included in the table. The wider ranges for DOC and calcium were slight and not significant (Dean and Dixon, 1951) . The elevated DOC yield on the Canóvanas might be an anthropogenic effect; more research is needed. The constituents associated with compact ranges are also the principal constituents used to describe and assess inputs from chemical weathering, atmospheric sources, and biological processes. This compactness indicates that these three classes of inputs operated in a similar way in all four study watersheds. In particular, overall rates of chemical weathering cannot be strongly distinguished when they are compared in terms of land cover or bedrock type. Some slight differences may relate to bedrock geology. Yields of Na* and Si(OH) 4 from the Cayaguás watershed are distinctly greater than in the other three rivers, and Ca* yields from the Canóvanas and Mameyes watersheds were elevated. These latter watersheds are both on volcaniclastic rocks, which contain more calcium-bearing silicate minerals than do the granitic rocks, and the watersheds might also leach some calcium from minor sedimentary carbonate bedrock.
The ranges for the remaining constituents (Mg 2+ , DIC, bioactive constituents, and particulate constituents) increased, most by large amounts (table 11; figs. 11, 12) . In this group of constituents, developed watersheds tended to demonstrate a large increase in mean-annual yield relative to the forested watersheds once data were projected to a common mean-annual runoff. The only exception was DIC, for which developed and nondeveloped projected yields were intermingled. With the exception of SO 4 2− , Mg 2+ , and DIC, the behavior of this group of constituents was consistent with our understanding of developed landscapes. Fertilizers and domestic wastes can contribute additional nutrients to developed watersheds, and increased erosion of deforested and agricultural landscapes can contribute to the particulate load.
Differences among watersheds for yields of sulfate, Mg 2+ , and DIC (alkalinity) may have geologic causes. DIC is elevated in the Canóvanas watershed (figs. 4, 12) . Note the similarity in diagrams of Mg 2+ ( fig. 11 ) and DIC ( fig. 12) . Carbonate rocks, which weather more rapidly than most silicate rocks, are a potential source of elevated alkalinity. A small amount of carbonate rock is found in the volcaniclastic rocks within the Canóvanas watershed (Murphy and others, 2012) , and Ca* yields ( fig. 10 ) are not especially elevated; however, Mg 2+ yields ( fig. 11 ) are exceptionally high. Perhaps bedrock contains abundant, easily weathered mafic minerals, such as serpentine. Serpentinites are found in Puerto Rico, but none have been described within the Curves in parts C and D were smoothed by using equation 26 to account for climate variability. The ratio of the power-law model of suspended bedrock to equilibrium model and landslide model to the equilibrium model are presented in parts E and F, respectively. Note that observed suspended-bedrock yields are typically far greater than yields calculated by equilibrium models (part B). Compared with expected equilibrium yield, yield in the Mameyes watershed is slightly elevated and in the Canóvanas more so; the Cayaguás, Icacos, and Guabá are physically eroding at rates that greatly exceed expected equilibrium (parts E and F). ), on the basis of the relation between runoff and annual yield.
[DIC, dissolved inorganic carbon; DOC, dissolved organic carbon; POC, particulate organic carbon; DBrx, dissolved bedrock; SBrx, suspended bedrock; mm yr Canóvanas watershed. The high SO 4 2− in the Mameyes, Canóvanas, and Cayaguás rivers is likely influenced by bedrock, because SO 4 2− yields of these watersheds exceed atmospheric inputs (table 3) . Sulfide ores are found in the region (see Murphy and others, 2012) . Additional inputs from human activities cannot be discounted, however, in the developed watersheds.
Landscape Equilibrium
The relation between annual runoff and annual yields of suspended bedrock are modeled in three ways: a standard power-law physical-erosion model (equation 21), a landslide physical-erosion model (equations 22, 24, 25) , and as the result of equilibrium erosion (the equilibrium model, equation 16) ( fig. 13 ). The landslide model provides a superior representation of erosion in the Icacos and Canóvanas watersheds, compared with the power-law model, and it is a somewhat more accurate model in the Cayaguás ( fig. 13E,F) . Neither model is superior in describing the Mameyes watershed. The equilibrium model bears little resemblance to observations or other models ( fig. 13B ). Observed annual suspended-bedrock yields were considerably in excess of expected equilibrium yields, except for the Mameyes (table 12, fig. 13B ).
Contemporary observed suspended-bedrock yields in all study watersheds exceeded equilibrium rates calculated by using Na 2 O (table 12). In the Mameyes watershed, physical erosion is modeled to be twice equilibrium when Na 2 O is paired with SiO 2 , which is the preferred pairing, but it is modeled to be at equilibrium when CaO is paired with SiO 2 (table 12) . The two models of physical erosion can be used to estimate the mean-annual runoff for which yields would be in equilibrium ( fig. 13, table 13) . In all watersheds, current mean-annual runoff is in excess of the equilibrium runoff. Such an excess could imply either that climate has become wetter or stormier, pushing the watersheds out of equilibrium, or that erosion processes have changed owing to landcover changes.
In the case of the volcanic watersheds, the Canóvanas and the Mameyes, the current mean-annual runoff deviates from equilibrium by less than 600 mm (table 13) , and suspendedbedrock yields are considerably smaller than in the granitic watersheds (table 12) . This smaller runoff is within the range of annual runoff variation for the Mameyes, and a climatic explanation is possible, although it is contrary to presumed long-term drying trends (Zack and Larsen, 1993) . Although substantial parts of the Canóvanas are now in second growth (Murphy and others, 2012) , much of the watershed has been deforested, farmed, and grazed, and its somewhat larger deviation from equilibrium could be caused by this history of land-cover change.
The Cayaguás and Icacos watersheds, both on granitic rocks, are much further from equilibrium. We know that deforestation and agriculture have accelerated physical erosion in the Cayaguás; however, the Icacos, which has similar Table 11 . Interpretation of changes in watershed yields as observed in eastern Puerto Rico and adjusted to a common intermediate mean-annual runoff.
[*, calculated bedrock contribution; DIC, dissolved inorganic carbon; DOC, dissolved organic carbon; POC, particulate organic carbon; DBrx, dissolved bedrock; SBrx, suspended bedrock; <, less than] Before, after: −2, 2•maximum forest<minimum developed; −1, maximum forest<minimum developed; 0, range overlap; 1, maximum developed<minimum forest; 2, 2•maximum developed<minimum forest. Change: −1, from nonoverlap to overlap; 0, overlap before and after; 1, similar lack of overlap before and after; 2, a reversal or loss in lack of overlap.
Runoff
2 Before, after: −2, 2•maximum granitic<minimum volcanic; −1=maximum granitic<minimum volcanic; 0, range overlap; 1, maximum granitic<minimum volcanic; 2, 2•maximum granitic< minimum volcanic. Change: −1, from nonoverlap to overlap; 0, overlap before and after; 1, similar lack of overlap before and after; 2, a reversal or loss in lack of overlap. Table 13 . Observed mean-annual runoff compared with equilibrium runoff for power-law and landslide day erosion models in study watersheds, eastern Puerto Rico.
[mm yr bedrock and is forested, is even further from equilibrium. For both rivers, the current mean-annual runoff deviates from equilibrium by 900 mm to 2,200 mm. Denudation rates (table 14) that are projected to a common runoff value produce equilibrium rates for the forested watersheds that exceed the predicted denudation rate; these conditions are those needed to develop thicker soils. Excess POC yields are calculated by assuming that the equilibrium POC yield is in the same proportions compared with equilibrium solid yield as the observed POC yield is to the observed solid yield (table 15) . The excess POC yield, which reflects presumed landscape disequilibrium, is the largest part of the organic carbon budget in all study watersheds except the Mameyes.
Summary and Conclusion: General Landscape Disequilibrium and the Carbon Cycle
The biogeochemistry and physical erosion of four research watersheds were examined through the development of simple models that relate observed annual runoff to annual yields for various constituents. Several derived constituents were developed, including the bedrock-derived yields of all measured constituents, dissolved silicate bedrock, suspended silicate bedrock, and the equilibrium production of bedrockderived solids. Several constituents are largely atmospheric in origin (table 3) At the beginning of the paper, six questions are asked; they can now be answered.
What are the measured rates of chemical and physical denudation and how do these relate to mean-annual runoff in each watershed?
Rates of chemical and physical denudation are summarized in table 14. For dissolved constituents, the relation between annual runoff and annual yields is linear ( figs. 10-12 ). This relation is consistent with results of other studies (White and Blum (1995) and Godsey and others (2009) ). Intercepts do not intersect zero, an indication that processes must change as mean-annual runoff approaches zero. Suspended bedrock and particulate organic carbon can be modeled either by a power-law relation or by a model based on accounting for the total runoff of all days having storms large enough to produce landslides ( fig. 13C, D) .
How do watersheds compare in weathering, erosion, carbon export, and nutrient export with regard to geology and land cover? Do geology and land cover matter?
Watersheds were compared in two ways, at their current conditions of mean-annual runoff and by using the relation between annual runoff and annual yield to estimate meanannual yields at a common, intermediate, mean-annual runoff of 1,860 mm yr −1
. Current mean-annual runoffs differ widely among the watersheds, because the forested watersheds are relatively wet and the developed watersheds are considerably drier.
Before projection to a common runoff, dissolved bedrock yields, about 47 to 87 t km −2 yr −1
, differed by a factor of less than 2 among all watersheds but were greater for the wetter watersheds. Silica, Cl − , and DOC also demonstrated little relation to land cover, mean-annual runoff, or bedrock type. Before projection to a common yield, suspended-bedrock yields, ranging from 600 to 2,350 t km −2 yr −1
, were threefold to fourfold as great for the watersheds draining granitic rocks.
Upon projection to a common mean-annual runoff, the yield ranges of dissolved bedrock, Na + , Si(OH) 4 , and Cl − became more compact, whereas the yield ranges of DOC and Ca 2+ changed little. These constituents are primary measures of chemical weathering, seasalt input, and biological activity on the landscape. Narrow ranges indicate that differences in bedrock and land cover did not exert a strong influence on how these constituents were processed in this landscape. DIC, Mg 2+ , SO 4 2− , and Na* showed systematically greater yields in a few watersheds (figs. 10-12), probably for geological reasons. The projected yields of biologically active constituents (K + , NO 3 − , NH 4 + , PO 4 3− ), and particulate constituents (suspended bedrock and POC) were considerably greater on developed landscapes (table 10, figs. 11-13), consistent with the effects of land clearing, fertilizer application, and minor domestic or industrial waste inputs. DOC may show a slight human effect in that concentrations in the developed watersheds were greater than in the forested ones; the difference is not as pronounced as with the previous constituents.
Is the landscape in a state of dynamic equilibrium? In essence, are the Luquillo Mountains a model of a quiescent natural landscape or are they changing?
The calculation of equilibrium denudation rates by using measurements of silica, sodium, and total dissolved bedrock appears to be robust (Stallard, 1995a) . A notable feature of the approach was the use of conductivity, Cl − , and Si(OH) 4 measurements, when they were appropriately calibrated, to estimate total dissolved bedrock in samples for which it could not be measured because of staff and laboratory limitations. This use of surrogates allowed thousands of additional estimates of total dissolved bedrock. Adding Na + to this suite, which now also includes suspended sediment, K + , and DOC, would allow especially rigorous characterizations of chemical and physical erosion and carbon export from certain watersheds-those where chemical weathering generates erodible solids, and those solids have low ratios of Na 2 O to SiO 2 compared with ratios in bedrock. Such settings would be environments with moderate to intense chemical weathering. Use of total dissolved solids rather than total dissolved bedrock erroneously doubles estimates of solute erosion, and use of suspended sediments (dried at 105°C) rather than suspended bedrock (heated to 550°C) overestimates physical erosion by about 10 percent.
Except possibly for the Mameyes watershed, the current landscape is not in a state of dynamic equilibrium as estimated using the method of Stallard (1995a,b) , based on concentrations of silicon and sodium in bedrock, in river-borne solids, and in solution ( fig. 12, tables 12-14) . The estimates of equilibrium rates are consistent, but slightly greater than, estimates obtained by using cosmogenic 10 Be for the Icacos (Brown and others, 1995) and for the Cayaguás (Brown and others, 1998) . Observed suspended-bedrock yields are fivefold to tenfold as great as equilibrium yields on the granitic rocks and only slightly elevated on the volcanic rocks. The Mameyes watershed appears to be relatively close to equilibrium. Brown and others (1995) observed that the Icacos watershed is in a state of dynamic equilibrium, on the basis of a cosmogenic 10 Be denudation rate of 43 millimeters per thousand years (mm k.y. . It is more likely that the Icacos recently departed from equilibrium and that the cosmogenic 10 Be in sediments and ridge-crest soils of the Icacos record its former equilibrium denudation rate much as Brown and others (1998) demonstrated for the Cayaguás, where the preagricultural equilibrium rate recorded in sediments is estimated to be 85 mm k.y. . The equilibrium denudation rates at the annual runoff rates where the physical-erosion models match the equilibrium rates of sediment production in the Icacos (table 12) are somewhat greater than those based on cosmogenic 10 Be, indicating that the denudation rates recorded by 10 Be for the Icacos were established under even drier or more quiescent conditions. Clearly, the ridgetops in the Icacos watershed that were sampled for 10 Be in soils must still reflect the old equilibrium conditions as evidenced by the clean bioturbation profiles reported in Brown and others (1995) . The watershed as a whole, however, is not in this quiescent state.
What does the present dynamic state of the landscape imply regarding past and future response to climate change?
Deforestation and agriculture can easily explain disequilibrium erosion in the two developed watersheds. The disequilibrium is so great for the forested watershed on granitic rock (the Icacos) that other explanations are needed. The equilibrium denudation rates at the annual runoff rates where the models predict equilibrium (table 14) are somewhat greater than those based on cosmogenic 10 Be for the Icacos, indicating that the thick soils of this watershed were developed under especially quiescent conditions of physical erosion, compared with today. If the rate change is to be attributed to human activities, trails to mines have crossed the landscape for perhaps 500 years, and paved roads were built into the Icacos watershed in the middle 20th century (Larsen, 2012; Murphy and others, 2012) . Alternatively, the forest in the Icacos may be degrading, perhaps from increased nitrogen loading (Stallard, 2012) or invasion by species such as bamboo (Murphy and others, 2012) , thereby failing to inhibit erosion, particularly through an increasing rate of landsliding. Climate change, perhaps by increasing the frequency of huge landslide-generating storms, could have caused such a change in erosional style in the forested granitic watersheds; the weather record is not long enough to test this suggestion.
What are the rates of export of carbon in its various forms; how do these rates relate to runoff, and is this carbon being replaced by new photosynthetically fixed carbon?
Rates of carbon export as dissolved-inorganic, dissolvedorganic, and particulate-organic carbon are summarized as yields in table 15. The POC yields exceed combined dissolved carbon yields in the granitic watersheds, but they are considerably less than the dissolved yields in the volcanic watersheds. Annual yields of DIC and DOC relate linearly to annual runoff, whereas POC has a steep power-law-style increase with increasing runoff. The POC yields are tied to sediment yields that are, in turn, far in excess of equilibrium yields. This excess implies that much of the present carbon transport in eastern Puerto Rico is the result of erosion in excess of equilibrium rates as hypothesized by Stallard (1998) . In essence, soils that have developed for thousands of years are eroding more rapidly than they are now forming. Carbon accumulation is quite rapid, however, and in a landslide scar half of the carbon is regenerated in 80 years and all of it in about 200 years ( fig. 2) . Thus, eroding carbon is being replaced with new photosynthetic carbon from the atmosphere.
Are rates of carbon processing through the landscape notable on the time scales of humaninduced climate change?
Estimates of the combined yields of all forms of carbon from the WEBB watersheds (table 3) range from about 1,800 kmol km −2 yr −1 (22 t km −2 yr −1 C) to 3,300 kmol km −2 yr −1 (40 t km −2 yr −1 C). The largest observed yield of organic carbon (DOC+POC), 2,600 kmol km −2 yr −1 (31 t km −2 yr −1 C), is 2.5 to 4 percent of net primary productivity for tropical forests, an amount that is relatively small and sustainable. For reference, these POC yields from the granitic watersheds are about half of those estimated by Hilton and others (2008a) for a landslide-prone shalely landscape in New Zealand. For a process to be important to the carbon cycle, it would have to scale to about 6.7 t km −2 yr −1 C for a global terrestrial phenomenon, or about 250 t km −2 yr −1 C if confined to humid tropical mountains. The perturbed POC yields (table 15) , 300 kmol km −2 yr −1 (6 t km −2 yr −1 C) to 1,700 kmol km −2 yr −1 (22 t km −2 yr −1 C), are close to and greater than 6.7 t km −2 yr −1 C but far less than 250 t km −2 yr −1 C. Human-accelerated POC burial is a global phenomenon (Stallard, 1998) , and these excess POC yields are consistent with it. The lack of evidence in eastern Puerto Rico of human effects for either DOC production or silicate weathering suggests that although the DIC and DOC yields of tropical rivers are large, they are of secondary interest to research of the anthropogenically perturbed carbon cycle at a century time scale.
Eastern Puerto Rico contains a fascinating landscape for examining biogeochemical processes operating at maximal rates. The models presented here, however, represent considerable simplifications of these complex interacting processes. It is hoped that these results inspire others to develop physically based models and geochemical tests that better define the processes and how they respond to environmental and climate change. It is a setting that may have been important to the climate history of our planet, and it probably is representative of the sources of a huge fraction of the clastic sediments that form the geologic record. From the perspective of observation, this landscape, except perhaps for the Mameyes watershed, is far from equilibrium and probably is more representative of conditions during major erosion cycles in the Earth's history than the more quiescent times in between.
